Abstract: PrOFe 0.9 Co 0.1 As is known to be a superconductor with a T C of ~14 K. In an attempt to induce charge transfer and also induce chemical pressure between the FeAs and PrO layers we have synthesized for the first time oxypnictides of the type PrOFe 0.9 Co 0.1 As 1-x P x (P doping at As sites). All the compounds crystallize in the tetragonal ZrCuSiAs type structure (space group = P4/nmm). The lattice parameters (a and c) decrease as expected on substitution of smaller phosphorous at the arsenic site in PrOFe 0.9 Co 0.1 As and a decrease in T C was observed on substitution of P ions at a low rate of 0.13K/at. % of P for x > 0.1. The irreversibility field (H irr ) and critical current density (J C ), obtained using the AC susceptibility measurements was found to decrease monotonically with increasing 'P' concentration. 'H irr ' is observed to be much smaller than H C2 , pointing to a very low pinning energy. The pinning potential obtained using both in-field transport and AC susceptibility measurements indicate a low value of ~40 meV and show no significant variation with P substitution.
I. INTRODUCTION
After the discovery of superconductivity (SC) in quaternary oxypnictide compounds (LnO/FFeAs, Ln=rare earth) [1] , much effort has been made to push the T C of these compounds beyond the 77 K benchmark. Several new compounds in all the four families (namely 1111, 122, 11 and 111) were discovered but the highest T C reported has remained at ~55 K for the Sm based 1111 compound [2] . Theoretical studies suggest that multiband superconductivity operates in these compounds arising primarily from the FeAs electronic bands [3, 4, 5, 6] . The normal state of these superconductors is well described by band theory.
Fermi surface nesting leads to an itinerant anti-ferromagnetic ground state. Moving away from nesting by chemical substitution or applying mechanical pressure gives rise to spin fluctuations that favours the emergence of a superconducting ground state [3] .
Although until now much emphasis was restricted to the basic understanding of these superconductors, recently there are reports of successful wire fabrication of these materials [7, 8] . Due to multiband effects, the upper critical field (H C2 ) is reported to be higher for these compounds [9, 10, 11, 12] . These iron based superconductors show a low value of in-field intragranular pinning and weak link behaviour across grain boundaries [13, 14] both of which limit their practical use. For practical application of these superconductors, it is important to understand how the flux dynamics and flux pinning determine the critical current density (J C ).
AC susceptibility measurements have been widely used in studies of HTSC particularly to determine, the critical current density, J C , flux dynamics, irreversibility field (H irr ) and flux pinning potential [15, 16, 17] . The shift of the peak temperature in the out-of-phase component of temperature dependent complex susceptibility ("), measured at different DC fields, has been widely used as a signature of the irreversibility line H irr (T) in cuprates [18, 19] . H irr (T) is a very important parameter to determine the technological worth of a SC material. The shift in the position of the peak in "(H) under different AC fields can be used to evaluate the J C of the compound, the particular DC field being close to the full penetration field. Similarly the peak shifts in "(T) observed with increasing frequency of AC field is also widely used to estimate the flux pinning energy in superconductors [20] . P substitution at As site, is known to induce superconductivity in BaFe 2 As 2 [21] . Here we report studies on P doping at As site in PrOFe 0.9 Co 0.1 As which has a T C of ~14.2 K [22] . Since P is smaller than As, a lattice contraction is expected and the substitution should mimic the effect of the application of external pressure [21] . It was shown by very early measurements [23] that the dT C /dP is a strong function of the level of doping, viz., underdoped specimens showed dT C /dP >0, while optimally doped samples show no change in T C under pressure and over doped samples show a decrease in T C with pressure. The present investigation is on P substitution effects on specimens that are optimally doped with Co, T C decreases with substitution, contrary to the expectation from the application of external pressure [23] . Further, based on the results of different AC susceptibility and resistivity measurements performed on P substituted samples, H C2 , H irr , J C and pinning potential are obtained. Our findings indicate that P substitution leads to the degradation of the superconducting properties of the compound.
II. Experimental Details
Polycrystalline samples with nominal compositions of PrOFe 0.9 Co 0.1 As 1-x P x (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3 and 0.5) were synthesized by sealed tube method using high purity Pr, Pr 6 hours and then cooled to room temperature. All the chemical manipulations were performed in a nitrogen-filled glove box. The samples were characterized by powder X-ray diffraction (XRD) using Cu-K α radiation. The lattice parameters were obtained from a least squares fit to the observed d values using PowderCell software [24] . Energy dispersive X-ray analysis data and average grain size of the sintered samples were obtained with a scanning electron microscope (Carl Zeiss EVO 50WDS electron microscope).
Resistivity measurements in the four probe geometry were carried out in an exchange gas cryostat in 4-300 K temperature range. To measure H C2 , resistivity as a function of temperature ranging from 5 K up to 20 K were measured under magnetic fields up to 12 T.
Diamagnetism of the samples was checked using the magnetisation measurements, performed in Cryogenic Inc. make cryogen based vibrating sample magnetometer operating at 20.4 Hz.
The AC susceptibility measurements were done on thin bar shaped samples measurements as a function of applied field the critical current density J C has been obtained as a function of magnetic field. The variation of resistivity in the superconducting transition region, for various applied magnetic fields was used to obtain the flux pinning potential [25] .
The pinning potential was also obtained from the measured variation of the out of phase component of AC susceptibility as a function of frequency of the applied AC field [20] . at a rate of ~0.13 K/at.% of P substitution. The variation in T C with P composition seems to be correlated with the variation seen in the a-lattice parameter (Fig.1b) . A distinct jump in the a-lattice parameter is seen just above x=0.1, the concentration at which T C starts decreasing.
III. Results and Discussion
The observed decrease in T C with P substitution in optimally doped PrOFe 0.9 Co 0.1 As [22] , is in contrast with the dT C /dx>0 obtained due to chemical pressure by partial Y substitution at the La or Ce site in ReFeAsO 1-x F x compound [26, 27] or the observation of dT C /dP > 0 for an electron doped LaFeAsO 1-x F x [28] .
The in-phase (') and out-of-phase (") components of AC susceptibility for phosphorus substituted compounds were measured under applied magnetic fields in the range of 0 to 16 T, at temperatures in the vicinity of the superconducting transitions. The variation of ' and "
as a function of sample temperature, in the 50% P substituted composition, under the different magnetic fields indicated are shown in figure 3a and 3b. From the figures it can be perceived that field induced broadening of the transitions is smaller in these compounds when compared with earlier such reports on fluorine doped, 1111 compounds [9, 29, 30] . This small change in the superconducting transition width seen with external magnetic field is a feature that was earlier observed in electron doped cuprates [20, 31] .
The variation of (" (T)| H ) for 50% P substituted sample, shown in figure 3(b) , indicates that the width of the peak remains almost constant but height increases with applied magnetic field. In figure 4 we have plotted the peak temperatures of "(T) as a function of the applied H DC , which corresponds to the H irr , viz., the field at which magnetic irreversibility sets in. It is seen from figure 4 that there is a systematic increase in H irr with decrease in temperature. In the inset of figure 4 the variation of the irreversibility line H irr with reduced temperature t=T/T C is shown for different P-substituted compositions. The curves follow a power law
with n varying from 1.7 to 2.3. This value of n is close to the value reported for electron doped single and polycrystalline cuprates, which was n~2 [20] . It is also evident from figure 4 that H irr (t=0) is found to show a large decrease with increase in P substitution.
To evaluate the effect of magnetic field on the resistivity behaviour of the superconducting transitions, the superconducting transitions were measured in fields up to 12 T. The superconducting transitions traced under the application of different external magnetic fields, is shown in figure 5 , for some of the P-substituted compounds. It can be seen on careful perusal of each data set that the onset temperature shifts weakly with magnetic field but the zero resistance temperature shifts to a larger extent. The superconducting transition is thus found to broaden with the application of magnetic field. The magnitude of broadening of the transitions gives an indication that the pinning potential in these compounds is rather small [31] . To obtain the variation of the upper critical field (H C2 ) as function of temperature, the T C at each field was identified as the temperature at which the resistance drops to 90% of the normal state resistivity. The H-T phase diagram for some P-substituted compounds is shown in figure 6 . Using the single band WHH formula [32] the zero field upper critical field (H C2 (0)) was calculated for these P-substituted compounds. The H C2 (0) is found to decrease from 64 T for the pristine sample to 29 T for a sample in which 30% of As is substituted by P. For comparison H irr -T for the same samples are also shown in the figure 6. It is clear from the figure that at a given temperature the H c2 and H irr are widely different for each composition. Further it is apparent from the figure that this difference is not significantly altered by different P substitutions. This result is in stark contrast to observations made on several other 1111 compounds [29, 30] where H irr is very close to H C2 . The widely different magnitudes of H C2 and H irr seen in the present set of samples imply that the flux pinning potential in these compounds is small.
Polycrystalline samples of the present compounds had a ferromagnetic impurity phase, which precluded measurement of J C by M versus H measurement. J C was instead obtained from the AC susceptibility measurements carried out as a function of DC magnetic field, for different AC field amplitudes. In the critical state model, the peak in χ"(H) of the superconducting sample gives an estimate of current density J C [17, 33, 34] according to relation,
In the above equation,  0 H AC is the amplitude of the applied AC field for which a peak was observed in χ"(H) and  0 is the permeability. Here 'R' is assumed to be the average grain diameter in the case of sintered samples. Further, J C (H DC +H AC ) is taken to be independent of AC driving field since H DC >>H AC ( 0 H AC~ 0.1 mT). The AC fields used, ranged from 0.025mT to 0.2mT and were applied along the direction of the DC field. The frequency of the ac field was 941 Hz. Inset of figure 7 shows a plot of normalized " as function of DC bias field for sample with a P fraction of x=0.2, measured at 8 K. From the particular value of AC magnetic field and the grain diameter 'R', J C (H) was calculated for all the samples using Eq.1, where H is the DC field at which a peak in "(H) plot occurs. From similar measurements done on several P substituted samples, J C (H) was obtained for different phosphorus substitutions and is shown in figure 7 . It can be clearly observed from the figure that Jc (H) decreases precipitously with phosphorus substitution.
The J C (H) of a superconductor depends on T, H and pinning energy [35] . To identify the origin of the decrease in J C (H) with P substitution the pinning potential and its variation with field was measured from the magnetic field dependence of resistive transitions to the superconducting state. In the thermally activated flux flow model [36] , the variation of the resistivity in the SC transition region can be described by the relationship
, where R 0 is a constant and U(T,H) is the energy for depinning the vortex bundle. U(T,H) is weakly dependent on temperature and is given by U(T,H)=U 0 (H)(1-t), where t=T/T C . Therefore the effective pinning energy U(T, H) is expected to be same as U(T=0, H) [31] . To obtain the pinning potential from the experimental data (R(T,H)) the slope of ln R versus 1/T was obtained for each DC field, H for each Psubstituted compound. From magneto-resistance data, U(H) was evaluated for three P fractions. The variation of U as a function of applied field obtained for these P concentrations is displayed in figure 8 . The data can be described by a power law of the form U(H) U 0 H -n with n 0.5 to 0.8.The value of the n is similar to that reported for electron doped cuprates [20, 30] but is very high compared to n=0.09 for K doped BaFe 2 As 2 single crystals [25] . The pinning potential of the present compounds reduces to very low values with increase in magnetic field. The magnitude of U 0~ 45 meV obtained from fits (cf. figure 8) for these compounds is very low as compared to 774 meV obtained for potassium doped Ba122 [24] or 172 meV obtained for F doped Nd1111 system [37] . It is clear from the plot of U(H) that substitution of P does not significantly alter the flux pinning potential of PrOFe 0.9 Co 0.1 As and thus cannot be the reason for the drastic reduction of in-field J C . It would be interesting to find out if the small U arises due to Co substitution, by performing similar studies in Co doped samples viz., PrOFe 1-x Co x As for various x.
To verify on the reliability of pinning potentials obtained from R(T) data, the frequency dependence of the peak position of "(T) was also studied for the x=0. 
IV. Conclusions
The substitution of phosphorus at the As site of PrOFe 0.9 Co 0.1 As superconductor reduces the transition temperature of the optimally doped compound at a rate of ~0.13K/at.%. Whereas, the maximum reported decrease rate of ~ 9 K/at%, is seen for the case of Zn substitution at Fe site in LaFeAsO 0.85 [38] . The P substitution also changes the normal state resistivity behaviour of the parent compound and the normal state resistivity becomes nearly linear with temperature. The H C2 is also found to decrease with the P substitution and reduces to a value of 29 T for the x=0.3 composition as compared to 63 T seen in the x=0.0 sample.. The large difference between H irr and H C2 points to very small pinning potential, which is confirmed by the values obtained by Arrhenius fits of in-field resistive transitions and frequency dependence of "(T) max . The pinning potential is found to be a factor of four times smaller than that reported for other F-doped oxypnictide compounds. Further the pinning energy, does not vary significantly with P substitution indicating that it has little or no contribution in the drastic reduction of the in-field critical current density J C (H).
The observed decrease in T C with P substitution, despite the decrease in lattice volume, is in distinct contrast to the expectation in the oxyarsenides, especially in the light of the positive dTc/dP of ~5 K/Gpa seen in LaOFeAs 0.9 F 0.1 [28] . The most comprehensive study of the effect of pressure on the Tc has been carried out for the BaFe 2-x Co x As 2 system, where a positive dT C /dP has been observed for all Co concentrations [40] . Although P substitution leads to a reduction in lattice volume and can be treated equivalent to the application of pressure; local variations in the Fe-pnictogen bonds lengths are inevitable and can given rise to disorder induced scattering potentials, although expected to be weak [41] in the case of P substitution.
Recent calculations [42] for the related oxyarsenide, LaOFeAs, indicate that the pnictogen height with respect to the Fe layer can swap the ground state from a high T C fully gapped state to a low T C nodal pairing state. From the correlated T C and a&c lattice parameter variations seen in our data (see Fig1b and insets in Fig.2 ) it is evident that T C depletes beyond ~10 % P substitution, a concentration at which the a-lattice parameter also shows a marked change. Since the a &c lattice constants would determine the pnictogen position in the structure, the electronic structure could be altered at this composition, consequently resulting in a reduced superconducting pairing and T C . Since H C2 and J C depend on T C , these superconducting properties could also show a deterioration with P substitution. Poor flux pinning due to the polycrystalline nature of the samples can also contribute to the low J C and H irr observed in these samples. 
